Alzheimer´s disease (AD) is characterized by accumulation of the amyloidogenic peptide A generated by -and -secretase processing of the amyloid precursor protein (APP). The intake of the polyunsaturated fatty acid (PUFA) docosahexaenoic acid (DHA) has been associated with decreased amyloid deposition and a reduced risk in AD in several epidemiological trials; however the exact underlying molecular mechanism remains to be elucidated. Here we systematically investigate the effect of DHA on amyloidogenic and non-amyloidogenic amyloid precursor protein (APP) processing and potential crosslinks to cholesterol metabolism in vivo and in vitro. DHA reduces amyloidogenic processing by decreasing -and -secretase activity, whereas the expression and protein levels of BACE1 and Presenilin1 remain unchanged. In addition, DHA increases protein stability of -secretase resulting in increased non-amyloidogenic processing. Beside the known effect of DHA to decrease cholesterol de novo synthesis, we found cholesterol distribution in plasma membrane to be altered. In presence of DHA, cholesterol shifts from raft to non-raft domains, which is accompanied by a shift in -secretase activity and Presenilin1 protein level. Taken together, DHA directs amyloidogenic processing of APP towards non-amyloidogenic processing, effectively reducing A release. DHA has a typical pleiotropic effect; DHA-mediated A reduction is not the consequence of a single major mechanism, but the result of combined multiple effects.
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Alzheimer's disease (AD) is the most common cause of dementia among neurodegenerative diseases in the industrialized nations. Currently, about 35.6 million people worldwide are estimated to suffer from this dementia, a number expected to double in nearly 20 years (1) . Amyloid β-peptide (Aβ), a major hallmark of AD that accumulates as senile plaques in the brain, is generated by amyloidogenic processing of the amyloid precursor protein (APP) (2) (3) (4) . APP is first cleaved by the aspartyl protease BACE1 (β-site APP-cleaving enzyme, β-secretase) releasing the soluble β-cleaved ectodomain (sAPPβ) (5) (6) . The remaining C-terminal fragment of 99 amino acids (C99) is processed within the transmembrane domain by γ-secretase, a protein complex consisting of at least four proteins in which presenilin comprises the active centre, generating Aβ-peptides (7) (8) (9) (10) . APP is also processed in a non-amyloidogenic pathway through α-secretase cleavage within the Aβ-domain thus precluding Aβ production and releasing the ectodomain-secreted APP (sAPPα) (11) (12) (13) . Subsequent processing of the C-terminal fragment C83 by γ-secretase results in the formation of the peptide p3 (14) (15) .
Evidence is mounting that alterations in dietary intake could be beneficial for preventing or treating AD (16) (17) . In recent years docosahexaenoic acid (DHA), an omega-3 polyunsaturated fatty acid (PUFA) predominantly found in marine fish and algae, has become of major interest. DHA is an essential fatty acid, although it can be biosynthesized at a very low conversion rate from -linolenic acid through elongation and desaturation (18) . Approximately 60% of the fatty acids in neuronal cell membranes consist of DHA, which is particularly concentrated in synaptic membranes and myelin sheaths (19) (20) (21) . Intriguingly, it was found that DHA is decreased in AD post-mortem brains in certain brain regions like hippocampus, white matter, frontal gray matter and pons (22) . Moreover, AD patients have reduced brain and serum DHA levels compared to age-matched, non-demented controls (23) , suggesting that a deficiency in this PUFA could play an important role in the development of AD. Several epidemiological studies revealed an inverted relationship between omega-3 uptake and AD incidence or cognitive decline (24) (25) (26) (27) (28) , whereas clinical studies found no or only minor effects of improvement in the very early stage of the disease (29) (30) (31) (32) . These findings indicate that DHA might be more effective for prevention rather than for treatment of this disease.
Importantly, DHA has shown the efficacy to reduce Aβ peptide production in vitro and in animal models of AD (33) (34) (35) (36) (37) (38) (39) . To date the molecular mechanism how DHA interferes with APP processing is not completely understood. In the present study we systematically tested the direct and indirect effects of DHA on the secretases involved in APP processing and cholesterol metabolism.
EXPERIMENTAL PROCEDURES
Animals -Twelve male C57Bl/6J mice (Charles River, Sulzfeld, Germany), aged 9 weeks at arrival, were housed in groups of 6 animals per cage. The animals were kept in a controlled environment, with temperature at 20-22°C, humidity at 50-60%, and lights on between 07:00 and 19:00 hours. Food and water were freely available throughout the study. All procedures concerning the mice were carried out in accordance with Dutch laws governing the use of laboratory animals.
Diets -Mice were fed for 4 weeks with one of two different diets (Research Diet Services, Wijk bij Duurstede, The Netherlands) that differed in their fatty acid composition. The Control diet contained 1.9% soy oil, 0.9% coconut oil, and 2.2% corn oil. The Fish oil diet contained 0.1% coconut oil, 1.9% corn oil, and 3.0% fish oil. Both diets were AIN-93M based (40) , isocaloric and identical with respect to their protein, carbohydrate, fibre, and mineral content.
Tissue preparation -After the 4-week supplementation period, animals were sacrificed by CO 2 gas inhalation and decapitation by guillotine. Brains were rapidly removed from the skull, snap-frozen in liquid nitrogen and stored at -80°C until further use. Brains were cut into small pieces and homogenized with 2ml water with a Teflon homogenizer. Cell culture -SH-SY5Y cells were cultured in DMEM (Sigma, Taufkirchen, Germany) with 10% FBS (PAN Biotech, Aidenbach, Germany) and 0.1mM (1%) MEM (Sigma Taufkirchen, Germany); APP transfected cells additionally in 400µg/ml Hygromycin B (PAN Biotech, Aidenbach, Germany). All cells were routinely cultivated at 37°C in a humidified atmosphere of 5% CO 2 . Experiments with DHA (Cayman Chemicals, Michigan, USA) were carried out in DMEM with 0.1% FBS and 0.1% fatty acid free BSA (Sigma Taufkirchen, Germany). Ethanol was adjusted to the same concentration in controls and did not exceed 0.05%. Cells were treated 24 hours with DHA or ethanol containing medium with a medium exchange after 12 hours.
PS1-, BACE-1, ADAM17-, HMGCR-protein quantification -Cell extracts from SH-SY5Y cells were prepared in lysis buffer (1% Nonidet P-40, 1% Triton X-100, 10mM Tris, 2mM EDTA), supplemented with protease inhibitor (Roche Diagnostics, Mannheim, Germany). Equal amounts of protein (40-70µg) were separated on 10-20% Tris-Tricine gels, transferred to nitrocellulose membrane and blocked overnight in 5% nonfat milk in PBS, pH 7.5 or TBST, pH7.5. Antibodies and dilutions used in this study include ADAM17 ab39162 (1:5000; Abcam, Cambridge, UK), Presenilin1 sc-7860 (1:500; Santa Cruz Biotechnology Inc., CA, USA.), BACE1 B0806 (1:1000; Sigma, Taufkirchen, Germany), HMGCR (1:500; Upstate, MA, USA). Quantitative densitometric analyses were performed on digitalized images of blots using Image Gauge software.
Immunoprecipitation -For detection of total Aβ-and sAPPα-levels equal volumes of conditioned media, adjusted to the same protein amount of the corresponding cell lysates, were immunoprecipitated with 20μl of protein GSepharose (Sigma, Taufkirchen, Germany) and the antibody W02 (41) . The immunoprecipitated proteins were separated on 10-20% Tris-Tricine gels (Invitrogen Karlsruhe, Germany). Western blot (WB) analysis was performed with antibody W02 (1μg/ml).
Quantitative Results were normalized to -actin gene expression. Primers were purchased from Eurofins MWG Operon (Ebersberg, Germany). Changes in gene expression were calculated using 2-(ΔΔCt) methode (42) . The following primer sequences were used: ADAM17: 5´-CTG TGT GCC CTA TGT CGA TG-3´ and 5´-CAG CTG GTC AAT GAA ATC CC-3´; BACE1: 5´-GCA GGG CTA CTA CGT GGA GA-3´ and 5´-TAG TAG CGA TGC AGG AAG GG-3´; PSEN1: 5´-CTC AAT TCT GAA TGC TGC CA-3´ and 5´-GGC ATG GAT GAC CTT ATA GCA-3´; HMGCR: 5´-TCT TCC ACG TGC TTG TGA CT-3´ and 5´-CGT GCA AAT CTG CTA GTG CT-3´; -Actin: 5´-CTT CCT GGG CAT GGA GTC-3´ and 5´-AGC ACT GTG TTG GCG TAC AG-3´. To verify the results obtained by quantitative real time experiments, samples were separated on 1.5% agarose gels in TBE buffer (90mM Tris, 90mM boric acid, 2mM EDTA pH 8.0).
Preparation of purified membranes -Cells were washed three times using ice-cold phosphate-buffered saline (PBS) and scraped in sucrose buffer (10mM Tris/HCl pH7.4 including 1mM EDTA and 200mM sucrose). Mice brains were transferred into sucrose buffer. Both, cells and brains, were homogenized using a PotterS (Braun, Melsungen, Germany) at maximum speed (25 strokes) on ice. Protein amount was determined and adjusted according to Smith et al. (43) . Samples were centrifuged at 900rcf for 10min at 4°C and the resulting supernatant, containing postnuclear fractions, was transferred to a new tube. The supernatants were centrifuged (Optima MAX Ultracentrifuge, Beckman Coulter, Krefeld, Germany) for 75min at 55000rpm and 4°C. The resulting supernatant was discarded and pellets were resuspended using cannulaes (10 strokes each cannula) with decreasing diameter (0.6mm; 0.4mm; 0.33mm) in sucrose buffer.
-and -secretase activity assays -Detection of -and -secretase activity was performed as described before (44) . After addition of the -or -secretase specific substrate (Calbiochem, Darmstadt, Germany) to the resuspended membrane pellet, the fluorescence was measured continuously at an excitation wavelength of 355nm (bandwidth 10nm) and emission wavelength of 440nm (bandwidth 10nm) for -secretase and at an excitation wavelength of 345nm (bandwidth 5nm) and emission wavelength of 500nm (bandwidth 5nm) for -secretase with a fluorometer (Tecan safire 2 ). The slope of the linear range correlates with -and -secretase activity, respectively.
HMGCR-activity assay -The HMGCR activity was measured with a commercially available activity kit in accordance to the manufacturer's protocol (Sigma, Taufkirchen, Germany). Briefly, the decrease in absorbance at 340nm, which represents the oxidation of NADPH by the catalytic subunit of HMGCR in presence of the substrate HMG-CoA, was detected.
Lipid raft preparation -Lipid raft preparation was performed according to Cordy et al. (45) with slight modifications. Briefly, cells were homogenized in Mes buffered saline (MBS; 25mM MES, pH 6.5, 150mM NaCl) containing 0.1%Triton X-100 and adjusted to a protein amount of 3mg/ml. 1.2ml MBS/90% sucrose/0.1% Triton X-100 was added to 1.2ml homogenate followed by a second sucrose layer with 4ml 35% sucrose in MBS/0,1% Triton X-100. Finally, 4.5ml 5% sucrose in MBS/0.1% Triton X-100 was added on top and buoyant density centrifugation was performed at 35000rpm (SW40 rotor, Beckman ultracentrifuge) for 18 hours at 4°C. Fractions of 650µl were collected and tested by WB analysis for the presence of lipid raft marker Flotillin (610821, 1:250, BD Biosciences, New Jersey, USA) and Cadherin (ab6528, 1:1000, Abcam, Cambridge, UK) as well as for Presenilin1 (sc-7860, Santa Cruz Biotechnology Inc., CA, USA.) and BACE1 (B0806, Sigma, Taufkirchen, Germany) protein level. Cholesterol levels, -and -secretase activity were measured directly from the fractions.
Iodixanol gradient centrifugation -To detect BACE1 in EEA1 positive fractions cell homogenate was fractionated using OptiPrep gradient according to Woods et al. (46) with minor modifications. Briefly, cells were washed 3 times with PBS at 4°C and scraped off in homogenation buffer (0.25M sucrose, 140mM NaCl, 1mM EDTA, 20mM Tris/HCl pH8.0). Cells were homogenized using a PotterS (B. Braun, Melsungen, Germany) for 20 strokes at 1000rpm and 4°C. Protein amount was quantified according to Smith et al. (43) . OptiPrep (Progen Biotechnik GmbH, Heidelberg, Germany) gradient was made using 10, 20, 30 and 40% of OptiPrep (OptiPrep stock 60%; diluent buffer: 0.25M sucrose, 140mM NaCl, 3mM EDTA, 60mM Tris/HCl pH8.0). The resulting discontinous gradient was sealed and carefully rotated to a horizontal position to allow the single layers to diffuse and even out the density discontinuities. 5mg/ml protein was layered on top of each gradient and centrifuged at 48000 x g for 18h at 4°C (SW41 rotor, Beckman ultracentrifuge). Fractions of 600µl were collected from top of the gradient and subjected to WB analysis. 20µl of each fraction were separated using 10-20% Tricine Gels (Invitrogen, Karlsruhe, Germany). To detect EEA1 positive fractions blots were blocked overnight using 10% milk/PBS at 4°C. EEA1 antibody ab2900 (Abcam, Cambridge, UK; 1:1000 in 5% milk/PBS) was used for 1.5h at RT and detected with anti-rabbit antibody (Promega, Mannheim, Germany; 1:10000 in 5% milk/PBS, 1h, RT). EEA1 positive fractions (see text) were pooled and again separated on 10-20% Tricine Gels (Invitrogen, Karlsruhe, Germany). BACE1 and Cadherin detection was performed as described above.
Cholesterol de novo synthesis -SH-SY5Y-wt cells were treated with DHA for 24 hours following a 6 hour incubation with 0.4μCi/ml 14 C-acetate (Perkin Elmer, Rodgau-Jügesheim, Germany) and DHA. Lipids were extracted by a modified method according to Bligh & Dyer (47) . Briefly, the cells were homogenized in a buffer containing 8.1mM Na 2 HPO 4 , 1.5mM KH 2 PO 4 , 137mM NaCl, 2.7mM KCl and adjusted to a protein amount of 1mg/ml. 3.75ml chloroform/methanol/HCl (1/2/0,06) was added to the sample and vortexed for 1 hour. Following, 1.25ml chloroform was added and the sample was vortexed for another hour. After addition of 1.25ml water and 10min mixing, the sample was centrifuged for 15min at 4700rpm. The lower organic phase was collected and 2ml chloroform was added to the aqueous phase. The sample was vortexed again for 1 hour and centrifuged for 15min at 4700rpm. The lower phase was mixed to the former lower phase and evaporated in a N 2 atmosphere at 30°C. The resulting lipid phase was evaporated under a gentle stream of nitrogen and resolved in 200μl CHCl 3 and 2.5ml of scintillation solution Ultima Gold (Packard Instruments, Meriden, CT). Incorporation of the radioactive precursor into cholesterol was determined using a scintillation counter (Perkin Elmer, Rodgau-Jügesheim, Germany).
Cholesterol Determination -Cholesterol levels were determined according to the manufacturer's protocol of the Amplex Red ® cholesterol assay (Invitrogen, Karlsruhe, Germany). As a negative control, lysis buffer, and for positive control, cholesterol (Sigma, Taufkirchen, Germany) at different concentrations was used.
Cytotoxicity assay -Cell viability and membrane integrity was analyzed using a commercially available lactate dehydrogenase assay (Cayman Chemicals, Michigan, USA) in accordance to the manufacturer's protocol.
ADAM17 stability -For pulse-chase experiments SH-SY5Y-wt cells were cultured to confluency in 10cm dishes, then washed three times with DMEM without methionine (Sigma, Taufkirchen, Germany) and radiolabeled for 1.5 hours with 48.16µCi/ml 35 S-methionine (Perkin Elmer, Rodgau-Jügesheim, Germany) in 2.5ml of the same medium. Cells were then washed three times with DMEM containing 0.1% FBS and 0.1% fatty acid free BSA and incubated with 100µM DHA for 4 hours. Afterwards cells were washed twice with PBS, lysed in 1ml lysis buffer with protease inhibitor and adjusted to the same protein amount. Protein G-Sepharose and 3µg/ml ADAM17 antibody (ab39162, Abcam, Cambridge, UK) were added to each sample as well as 2µg/ml Actin antibody (sc-8432, Santa Cruz Biotechnology Inc., CA, USA.) in a second approach as a control. Following an overnight incubation at 4°C on an end-over-end shaker the beads were washed and 35 S-methionine incorporation was measured by scintillation counting. A second set of samples was applied on a Tris-Tricine gel and blotted on a nitrocellulose membrane. The membrane was exposed to Kodak (XAR-5) film at -80°C for 70h (48) . Densitometric scanning was used to quantitate ADAM17 protein amount. Samples were normalized to Actin protein half lives.
FACS analysis -For detection of intra-and extracellular BACE1 levels confluent cells were washed with PBS and decollated by 50mM EDTA in PBS. For detection of intracellular BACE1 extracellular proteins were split off by a short exposure to trypsine. Cells were repeatedly washed in FACS-buffer (2% FCS in PBS) and stained with antibody BACE1 B0806 (1:200; Sigma, Taufkirchen, Germany) and Ab6717 Data analysis -All quantified data represent an average of at least three independent experiments. Error bars represent standard deviation of the mean. Statistical significance was determined by two-tailed Students t-test; significance was set at *P≤0.05, **P≤0.01 and ***P≤0.001; n.s. = not significant.
RESULTS

DHA decreases A production in SH-SY5Y cells.
We evaluated the effect of DHA on A production in the human neuroblastoma cell line SH-SY5Y stably expressing human APP695, the major APP isoform expressed in neuronal cells (49) (50) . A levels were decreased in a dose dependent manner for the tested DHA concentrations 25, 50 and 100µM (Figure 1a ) which corresponds to physiological DHA concentrations in the brain (51) . The applied experimental conditions did not induce cytotoxicity or impair membrane integrity (S1). Lactate dehydrogenase assay for the highest DHA concentration revealed no increased mortality in treated cells. Gas chromatographic analysis showed that 98.53µg DHA per mg protein was taken up into SH-SY5Y cells reflecting an uptake of approximately 77% of total DHA supplied (S2).
DHA reduces amyloidogenic processing by decreasing -and -secretase activity. In addition to the indirect analysis of -and -secretase activities by detection of A levels, we examined the direct effect of DHA on secretases, by measuring -and -secretase activities of SH-SY5Y-wt membrane extracts in presence of DHA and a solvent control. In agreement with decreased A levels the -secretase activity was significantly reduced in a dose dependent manner for all tested DHA concentrations (Figure 1b) . Furthermore, -secretase activity measurement of DHA treated cell membrane extracts resulted in a significant reduction for 100 and 50µM DHA, but the effect magnitude was smaller than for -secretase (Figure 1b ). Subsequently, we purified membranes from mouse brain in order to examine the effect of DHA on -and -secretase activities in brain. Both, -and -secretase activity were significantly decreased following DHA treatment (Figure 1c) . Again, the reduction in -secretase activity was more pronounced than in -secretase activity. To address a possible dietary effect of DHA on secretase activities, mice were fed for four weeks with a DHA enriched diet or a control diet and assayed for their brain -and -secretase activities. In agreement with the in vitro and ex vivo experiments, the in vivo -and -secretase activities were significantly decreased ( Figure  1c) . These results suggest that DHA directly affects -and -secretase activity. Whereas in vitro and ex vivo the direct influence of DHA on -and -secretase activity was monitored, the secretase activity in vivo might be influenced by additional indirect mechanisms such as gene expression and protein stability.
DHA does not alter PS1 and BACE1 gene and protein expression in SH-SY5Y cells. To address the question whether DHA induced A reduction is provoked by additional indirect effects, we examined the protein and mRNA levels of PS1 and BACE1 in SH-SY5Y-wt cells treated with DHA. Both PS1 and BACE1 protein level as well as mRNA level were not altered in presence of DHA (Figure 2a ). In line with the in vitro secretase assays, these results confirm that the influence of DHA on -and -secretase activity can be explained by a direct effect.
DHA increases non-amyloidogenic processing and elevates sAPP and ADAM17 protein level. Aside from influencing -and -secretase, DHA also might act on the nonamyloidogenic processing of APP. To evaluate the effect of DHA on -secretase activity, we first analyzed sAPP secretion in SH-SY5Y-wt cells. After DHA treatment, sAPP protein levels were significantly increased (Figure 2b) . The zinc metalloproteinases ADAM10 and ADAM17 represent the main -secretases and cleave APP to release sAPP and C83 (11) (12) (13) . Inhibition or knockout of ADAM17 was shown to decrease the regulated -secretase cleavage of APP (11) . Thus, we analyzed ADAM17 protein and mRNA levels in SH-SY5Y cells. Protein levels were significantly increased to 148.5% (Figure 2b ) whereas mRNA levels showed a small but significant increase to 109.4% ( Figure  2b ) in presence of DHA. This suggests that increased gene expression alone cannot account for increased ADAM17 protein expression, resulting in increased -secretase cleavage.
DHA increases ADAM17 stability in SH-SY5Y cells. The discrepancy between ADAM17 protein and mRNA level led us to investigate the effect of DHA on ADAM17 protein stability in SH-SY5Y cells. A significant elevation in ADAM17 protein stability was observed in pulse-chase experiments with DHA treated cells (Figure 2c ). These findings indicate that the nonamyloidogenic processing of APP, in contrast to the amyloidogenic processing, is influenced indirectly by DHA. The increased -secretase activity derives from increased ADAM17 protein level, which in turn results from a slight increase in gene expression and decreased ADAM17 protein degradation.
DHA influences cholesterol de novo synthesis and HMGCR-activity. The effect of cholesterol on degenerative processes in AD is well known. Elevated cholesterol levels are linked to increased amyloid plaque formation in animal models and A aggregation in vitro (52) (53) (54) (55) (56) (57) (58) (59) (60) . On the cellular level, cholesterol increases A production by increasing -and -secretase cleavage (44) . The interplay between cholesterol and DHA in membrane stabilization and fluidity appears to be a critical factor influencing the development of AD. To investigate the impact of DHA on cholesterol metabolism we first analyzed cholesterol de novo synthesis in DHA treated SH-SY5Y cells. DHA reduced the incorporation of 14 C-acetate into cholesterol by 33% (Figure 3a) .
The committed step reaction in cholesterol biosynthesis is catalyzed by 3-hydroxy-3-methyl-glutaryl-Coenzym-A reductase (HMGCR). Protein and mRNA level of HMGCR were unchanged (Figure 3b ), indicating that decreased cholesterol de novo synthesis in presence of DHA is not caused by reduced HMGCR expression. In line with this observation, an activity assay with the catalytical subunit of HMGCR with and without DHA revealed decreased HMGCR-activity, indicating that the effect of DHA on HMGCR is direct ( Figure 3b) . As a consequence DHA affects A production by altering cholesterol homeostasis.
DHA influences cholesterol distribution in plasma membrane and hence -secretase activity. Cholesterol is strongly enriched in detergent-resistant cholesterol-and sphingolipidrich microdomains of the plasma membrane, also called rafts (61) . Interestingly, -and -secretase are discussed to be present in these plasma membrane microdomains (62-67) and cholesterol increases A generation (44, 58, 60, (68) (69) . We analyzed whether DHA also affects cholesterol distribution in respect to the detergent-resistant microdomains. Raft preparation of DHA treated cells showed that in presence of DHA cholesterol was shifted towards non-raft microdomains of the plasmamembrane, leading to an increased relative distribution of cholesterol to non-raft fractions in presence of DHA (Figure 4a) . Notably, the shift towards non-raft fractions was observed in the same way for-secretase activity (Figure 4b ) in DHA treated cells, indicating that DHA decreases -secretase activity by inducing a redistribution of cholesterol out of rafts, where the amyloidogenic processing of APP preferentially occurs.
DHA reduces PS1 protein level in lipid rafts. Our results indicate that DHA influences amyloidogenic processing of APP in raft membrane microdomains. We therefore analyzed whether DHA also affects the distribution of PS1 and BACE1 in raft microdomains. To determine raft localization of PS1 and BACE1, SH-SY5Y-wt cells were solubilized in Triton X-100 and separated by buoyant density centrifugation. To identify raft and non-raft membrane microdomains, gradient fractions were immunoblotted with an antibody to flotillin, a raft marker protein, and an antibody to cadherin to determine gradient fractions representing non-raft microdomains. In presence of DHA PS1 protein levels were reduced in flotillin positive fractions, whereas the distribution of the marker proteins flotillin and cadherin is not affected in presence of DHA (Figure 4c ). The observed reduced PS1 protein level in raft fractions is accompanied by a shift of PS1 to non-raft microdomains, indicating that amyloidogenic processing of APP in lipid rafts is reduced in presence of DHA, resulting in a shift of -secretase activity to non-raft microdomains (Figure 4b and 4c) . In contrast to PS1, the shift of -secretase BACE1 protein and activity to non-raft microdomains is not significantly affected in presence of DHA (Figure 4b and 4c) .
Effect of DHA on internalization of BACE1 to endosomes. BACE1 transits the secretory pathway before initially targeted to the plasmamembrane. Subsequently, BACE1 is internalized to the endosomal system (70) (71) . As an aspartyl protease, BACE1 has a mildly acidic pH optimum, making endosomes the most likely location for the amyloidogenic activity of the protein. To address the question whether DHA reduces -secretase activity by affecting internalization of BACE1 to the endosomal system, SH-SY5Y-wt cells were homogenized and subjected to discontinous density centrifugation using OptiPrep gradient (46) . Collected gradient fractions were immunblotted with the early endosomal marker protein EEA1 to identify fractions containing early endosomal membranes (Figure 5a ). The purification of endosomal mebranes was further validated by the distribution of cadherin as a marker for plasma membrane fractions. The BACE1 level of the EEA1 positive fractions was determined by WB analysis and normalized to the EEA1 protein level (Figure 5b) . In presence of DHA the BACE1/EEA1 protein level ratio was moderately decreased, indicating that DHA impairs internalization of BACE1 to the endosomal system. To validate this altered BACE1 distribution, we performed FACSanalysis of DHA treated cells and control cells. In agreement with the previous result, BACE1 protein at the cell surface is increased, whereas the signal for intracellular BACE1 is decreased upon DHA treatment (Figure 5c ).
DISCUSSION
DHA, an essential omega-3 fatty acid, is discussed to decrease A production and has been found to be associated with reduced risk of AD (25) . In the present study we have systematically elucidated the cellular effects of DHA, which lead to decreased generation of A peptides. The experiments performed suggest, that DHA reduces A generation not by a single predominant mechanism, but rather by moderately modulating multiple cellular functions at once. All these multiple changes decreased amyloidogenic processing of APP and increased the non-amyloidogenic pathway suggesting a directed change in cellular properties. Therefore DHA acts via pleiotropic mechanisms on the release of A, involving both, direct and indirect effects on the processing of APP.
Direct measurement of -and -secretase activity of SH-SY5Y-wt membrane extracts and purified membranes of mice brain showed decreased -and -secretase activities, which is in line with reduced A levels in DHA treated SH-SY5Y cells, stably expressing APP695. Whereas the reduction in -secretase activity in vitro, although clearly present, is rather small, this was not the case when mice were fed with a DHA containing diet. Here the reduction in -secretase activity is considerably stronger. Since RNA and protein levels of BACE1 and PS1 are unaltered in presence of DHA, the observed effect of DHA on -and -secretase seems to be direct. In contrast, reduced steady-state levels of PS1 have been described for a 3xTg-AD mouse model (72) fed with a diet supplemented with DHA. However, taking into consideration that gene or protein expression can not account for the observed effect by direct measuring -and -secretase activity in membrane extracts of cells or mice brain, one can conclude that DHA directly reduces -and -secretase activity. Diminished A release can not only be provoked by reducing -and -secretase activity, but also by increasing the non-amyloidogenic pathway of APP processing. Indeed, SH-SY5Y-wt cells incubated with DHA showed significantly increased sAPP levels. The ADAM17 protein level, one leading candidate for -secretase processing of APP (11), was also significantly increased in presence of DHA whereas the RNA level was only marginally elevated. This putative contradictory result can be explained by impaired ADAM17 protein degradation. Pulsechase experiments of SH-SY5Y-wt cells showed increased ADAM17 protein stability in presence of DHA. In contrast to the direct effect of DHA on -and -secretase, DHA increases the nonamyloidogenic processing of APP indirectly by increasing ADAM17 gene transcription and by impairing ADAM17 protein degradation.
Besides DHA, cholesterol has been shown to affect A generation and cholesterol is discussed to be a risk factor for the development of AD (52, (73) (74) . Cholesterol is concentrated in detergent-resistant membranes, which are also rich in sphingolipids (61) . DHA containing phospholipids also incorporate in cellular membranes (75) and have been shown to change the organization of sphingolipid/cholesterol lipid-raft membrane domains (76) . The analysis of cholesterol distribution in raft and non-raft microdomains, which were isolated by sucrose density centrifugation, showed that DHA displaces cholesterol out of rafts. Interestingly, raft microdomains have been shown to be involved in the amyloidogenic processing of APP. As we observed changes in -secretase activity in raft and non-raft microdomains after DHA incubation, one can conclude that DHA reduces A generation by displacing cholesterol out of rafts, thus reducing the enzyme activities responsible for amyloidogenic processing of APP. In addition, DHA reduces the amount of PS1 protein localized in lipid raft microdomains, causing a reduction in raft-associated -secretase processing of APP, indicating that membrane microdomain switching of PS1 is one cause for reduced -secretase processing in presence of DHA. Although DHA-containing phospholipids have been shown to form unique non-raft membrane domains in model membranes, in the cellular model DHA directly incorporates into lipid rafts (77) (78) and modulates protein activity (78) consistent with our findings in SH-SY5Y cells. In contrast to -secretase activity, the effect of DHA on -secretase activity was less pronounced, making the identification of the underlying mechanism more difficult. The raft to non-raft shift of BACE1 and -secretase activity did not reach a significant level. However, in EEA1 positive membrane fractions, BACE1 protein level normalized to the EEA1 signal is decreased in presence of DHA and BACE1 levels found on the cell surface is increased whereas the intracellular BACE1 signal is slightly decreased. These findings would support a model in which DHA shifts the raft/non-raft ratio of BACE1 and impairs the internalization of BACE1, finally resulting in reduced -secretase processing of APP in endosomes in presence of DHA. Accordingly, DHA apparently alters amyloidogenic APP processing at least by altering the subcellular distribution of the secretases. Moreover, cholesterol might be involved in this. Recently, it has been reported that cholesterol increases -secretase processing of APP by triggering APP-BACE1 clustering into lipid rafts, preceded by rapid endocytosis (79) . Indeed we found that DHA changes the raft/non-raft distribution of cholesterol, thus one might speculate that DHA reduces secretase activities by affecting cholesterol level in lipid raft microdomains, resulting in reduced internalization to the endosomal system, which is discussed to be important for amyloidogenic processing of APP (80) . Additionally, DHA alters cholesterol level by directly influencing HMGCR activity, the rate limiting enzyme in cholesterol de novo synthesis. This enzyme can be inhibited by statins, which decrease the production of A and are discussed to have protective effects on AD (54) (55) . However, clinical trials have yielded mixed results regarding the benefits of statin treatment in AD (81) (82) (83) . Interestingly, we found that DHA directly influences HMGCR enzyme activity without affecting HMGCR gene expression and total protein level. HMGCR enzyme activity was reduced in presence of DHA, thus leading to reduced cholesterol de novo synthesis and hence reduced A levels as observed in our cell culture experiments and in studies with DHA-enriched diets.
Taken together the omega-3 polyunsaturated fatty acid DHA, which is highly enriched in fish oil, effectively reduces A generation by a concerted and pleiotropic manner. Multiple steps directly and indirectly involved in APP processing act towards increased nonamyloidogenic processing in parallel to reduced amyloidogenic processing. A is generated by a cascade of several steps which are affected by DHA ( Figure 6) ; the impact of DHA on A generation is remarkable although the effects on the single steps are rather small. DHA might therefore represent an internal regulator of the balance between amyloidogenic versus nonamyloidogenic processing of APP. Although DHA is not as effective in reducing A production as e.g. -secretase inhibitors, the combination of several small effects can be assumed to present a safe and tolerable approach for long-term treatment in AD prevention. This is in line with the established safety of DHA in preclinical and clinical trials (reviewed in (84) ). Effectiveness in AD prevention might also be further supported by other neuroprotective activities of DHA, but specifically designed trials will be needed to answer this question in future. Conditioned media of SH-SY5Y-wt cells, which were incubated with 100µM DHA, were immunoprecipitated with antibody W02. sAPP levels were detected with the antibody W02. sAPP levels of DHA treated cells were significantly increased compared to cells incubated with solvent control. Right: SH-SY5Y cells were incubated with 100µM DHA and mRNA and protein levels of ADAM17 were determined. Protein levels of ADAM17 were analyzed by the use of an ADAM17 specific antibody by WB analysis. mRNA analysis of ADAM17 was performed by RT-PCR analysis. ADAM17 protein levels are significantly increased whereas mRNA levels are only slightly but significantly increased. (C) Pulse-chase experiment of SH-SY5Y-wt cells in presence of DHA or solvent control. 35 S-methionine labelled ADAM17 protein was immunoprecipitated with an ADAM17 specific antibody. Fig.3 . Influence of DHA on cholesterol homeostasis. (A) SH-SY5Y-wt cells were treated with 100µM DHA for 24 hours following a 6 hour incubation with 0.4μCi/ml 14 C-acetate (Perkin Elmer) and DHA. Incorporation of the radioactive precursor into cholesterol was determined as described in the method section. DHA significantly reduced cholesterol de novo synthesis compared to solvent control. (B) Left: SH-SY5Y-wt cells were incubated with 100µM DHA or solvent control. For the detection of HMGCR equal protein amount was loaded on a Tris/Tricine gel and HMGCR was detected by WB analysis with a HMGCR specific antibody antibody. mRNA levels of HMGCR were determined by RT-PCR. DHA incubated cells show no differences in HMGCR protein level and gene expression.
Right:
In vitro the catalytic subunit of HMGCR was incubated with 25µM DHA and HMGCR activity was measured by a fluorometric assay. DHA directly decreases HMGCR activity. Fig.4 . Isolation of raft and non-raft microdomains from SH-SY5Y-wt cells. (A) SH-SY5Y-wt cells were incubated with 100µM DHA, solubilized in Triton X-100 and subjected to sucrose gradient fractionation for the isolation of raft and non-raft microdomains. The cholesterol level of the collected fractions of the sucrose gradient were analyzed by a H 2 O 2 Amplex red based assay. DHA incubated cells show a significantly increase in the ratio of non-raft/raft cholesterol, indicating that DHA displaces cholesterol out of the raft microdomains. (B) The same fractions were subjected to the -secretase activity assay. A similar shift in the ratio of non-raft/raft -secretase activity and PS1 protein level was observed in presence of DHA compared to cells treated with solvent control. Gradient fractions were also analyzed for -secretase activity and BACE1 protein level. (C) Representative WB analysis of the collected gradient fractions for the proteins flotillin, cadherin, PS1 and BACE1. Each fraction was analyzed by SDS/PAGE and immunblotted with the respective antibodies. Flotillinpositive fractions represent detergent-insoluble raft fractions. Cadherin-positive fractions represent detergent-soluble non-raft microdomains. In presence of DHA PS1 protein level was reduced in flotillin-positive fractions. . Schematic overview: DHA decreases A production by multiple ways. In presence of DHA amyloidogenic processing is decreased by a reduced -and -secretase activity, whereas the protein and expression levels of BACE1 and PS1 are unchanged. Non-amyloidogenic processing is increased by an elevated ADAM17 protein level, caused by a decreased protein degradation and an increased expression level. Beside the direct effect on APP processing, DHA affects A production by a crosslink to cholesterol homeostasis. DHA decreases cholesterol de novo synthesis by decreasing HMGCR activity, whereas HMGCR protein level and expression are unchanged. Beside the reduced cholesterol production DHA causes a shift of cholesterol from the raft to the non-raft fraction which is accompanied by a shift in -secretase activity and PS1 protein. 
